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a  b  s  t  r  a  c  t
Ureases  (EC  3.5.1.5)  are  metalloenzymes  that  hydrolyze  urea  into  ammonia  and  CO2.  These proteins  have
insecticidal  and  fungicidal  effects  not  related  to their  enzymatic  activity.  The  insecticidal  activity  of  urease
is mostly  dependent  on  the  release  of internal  peptides  after  hydrolysis  by  insect  digestive  cathepsins.
Jaburetox  is a  recombinant  version  of one  of these  peptides,  expressed  in  Escherichia  coli.  The  antifungal
activity  of  ureases  in  ﬁlamentous  fungi  occurs  at submicromolar  doses,  with  damage  to the cell mem-
branes.  Here  we  evaluated  the  toxic  effect  of  Canavalia  ensiformis  urease  (JBU)  on different  yeast  species
and carried  out  studies  aiming  to  identify  antifungal  domain(s)  of JBU.  Data showed  that  toxicity  of  JBU
varied  according  to the  genus  and  species  of yeasts,  causing  inhibition  of  proliferation,  induction  of mor-
phological  alterations  with  formation  of  pseudohyphae,  changes  in  the  transport  of  H+ and  carbohydrate
metabolism,  and  permeabilization  of  membranes,  which  eventually  lead to  cell  death.  Hydrolysis  of  JBUembrane permeabilization
rowth inhibition
with papain  resulted  in  fungitoxic  peptides  (∼10 kDa), which  analyzed  by mass  spectrometry,  revealed
the  presence  of  a fragment  containing  the N-terminal  sequence  of  the entomotoxic  peptide  Jaburetox.
Tests  with  Jaburetox  on  yeasts  and  ﬁlamentous  fungi  indicated  a fungitoxic  activity  similar  to ureases.
Plant  ureases,  such  as JBU,  and  its derived  peptides,  may represent  a new  alternative  to  control  medically
important  mycoses  as  well  as  phytopathogenic  fungi,  especially  considering  their  potent  activity  in the
−6 −7range  of 10 –10 M.
. Introduction
Ureases (EC 3.5.1.5) are nickel-dependent enzymes that cat-
lyze urea hydrolysis into ammonia and carbon dioxide, and are
ynthesized by plants, fungi and bacteria [13,20].  Urease of jack-
ean (Canavalia ensiformis)  seeds was the ﬁrst enzyme ever to be
rystallized [41], consisting of a hexamer of a single chain of 840
mino acid residues, with a molecular mass of 97 kDa [16,20,38].  It
as been postulated that in plants these proteins contribute to the
ioavailability of nitrogen and participate in defense mechanisms
12,16].
C. ensiformis produces several urease isoforms: the more abun-
ant jackbean urease (JBURE-I), and two less abundant proteins,
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canatoxin (CNTX) [17] and JBURE-IIB [26]. CNTX-like proteins and
urease accumulate in the mature seed, consistent with the pro-
posed defense role associated with both insecticidal [40] and
fungicidal properties [7,26].
Insecticidal activity of Jackbean urease depends mostly on the
release of an entomotoxic peptide formed by proteolytic enzymes
upon ingestion by the insect [15]. This peptide, Pepcanatox, was
characterized and based on its sequence, a recombinant pep-
tide named Jaburetox-2EC was produced using the corresponding
sequence of the urease isoform JBURE-II as template [27]. This pep-
tide has 93 amino acids and its toxicity to several insects, including
some species that were not affected by the native urease, has been
demonstrated [40].
CNTX was the ﬁrst urease shown to inhibit the radial growth
of several ﬁlamentous fungi [29]. In 2007, Becker-Ritt et al. [7]
reported the fungicidal activity of the embryo speciﬁc urease
from Glycine max (soybean), the major urease from C. ensiformis
Open access under the Elsevier OA license.and of a bacterial urease from Helicobacter pylori, regardless of
their ureolytic activity, toward different phytopathogenic fungi.
Urease from other sources also display fungicidal activity, such
as the cotton (Gossypium hirsutum) seed urease [23] and the
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ecombinant JBURE-IIb apourease from C. ensiformis [26]. Recently,
t was demonstrated that soybean plants lacking urease due to gene
ilencing were more susceptible to fungal infection, reinforcing the
ypothesis of participation of these proteins in plant defense [44].
he fungitoxic activity of ureases occurs at submicromolar doses,
aking these proteins 2–3 orders of magnitude more potent than
ny other known antifungal proteins of plant origin, producing
njuries to the cell wall and/or cell membrane and plasmolysis [6,7].
Infectious diseases, mainly candidiasis and aspergillosis, caused
y yeasts and ﬁlamentous fungi are a serious problem world-
ide, especially in tropical and subtropical countries where the
umber of immunosuppressed patients (who often develop these
iseases), has increased over the last decade. The drugs avail-
ble for treating these mycoses have low efﬁciency, low solubility
nd high toxicity, causing severe collateral effects. Besides these
roblems, the emergence of strains resistant to current thera-
eutic agents makes essential and urgent the identiﬁcation of
ew antifungal compounds [35]. Despite numerous reports on the
ccurrence and activity of proteins and antimicrobial peptides orig-
nated from plant, some have already been successfully tested
s transgenes to confer resistance to plants against fungi and/or
nsects [6],  only a few have been evaluated for therapeutic potential
n human mycoses [3].  The search for new antifungal compounds
rom plants became extremely urgent considering the spread of
nvasive mycoses, particularly in immunocompromised patients,
aused by pathogenic fungi or in plants by soil fungi (e.g., Alternaria,
urvularia and Rhizopus), before considered as fungi of low vir-
lence, and which are currently being considered as emerging
athogens [14].
Plants are an excellent source of compounds having antifun-
al activity, since they are continuously exposed to a broad range
f phytopathogenic fungi in the environment. Plant antifungal
eptides include defensins, lipid transport proteins, chitinases,
ectins, thionins, cyclopeptide alkaloids and other less common
ypes [6,14,28].
In this work we describe the toxic activity of JBU and of Jaburetox
n pathogenic yeast. Studies on the mechanisms of their antifungal
ction have shown interference on energy metabolism and proton
ransport, morphological changes and permeabilization of the fun-
al membrane. Fungitoxic urease-derived peptides were obtained
y enzymatic hydrolysis and provided clues to the location of anti-
ungal domain(s) of the protein.
. Materials and methods
.1. C. ensiformis urease (JBU)
Urease type C-III from Jack bean (Sigma Aldrich) was  used in all
xperiments. The protein (hexameric form, Mr  540 kDa) was solu-
ilized in 50 mM Tris buffer, pH 7.0, and quantiﬁed by absorbance at
80 nm (0.604 A280 was considered equivalent to a 1.0 mg/mL  pro-
ein solution). Enzyme-inactivated JBU was obtained by treating the
rotein with the active site inhibitor p-hydroxy-mercurybenzoate
Sigma Aldrich) as described in [17]. Excess of the inhibitor was
emoved by extensive dialysis against Tris buffer.
.2. PCR ampliﬁcation and cloning of Jaburetox
Jaburetox-2Ec, the recombinant peptide obtained by Mulinari
t al., 2007 [27], contained 93 urease-derived amino acids, plus a
5 antigen and a C-terminal His-tag. The vector pET 101-D-TOPO
ontaining Jaburetox-2Ec coding sequence was used as template
n a polymerase chain reaction. In order to obtain a recombinant
eptide containing the His-tag and lacking the V5 antigen, a set
f primers were designed, the cDNA was ampliﬁed by PCR, cloned 38 (2012) 22–32 23
into pET 23-a vector and expressed in BL21-CodonPlus (DE3)-RIL
(Stratagene). This new peptide was  called Jaburetox.
The forward primer sequence was Jaburetox 5′
CCAACATATGGGTCCAGTTAA TGAAGCCAAT 3′ (the underline
shows the NdeI site) and the reverse primer sequence was Jabu-
retox 5′ CCCCCTCGAGTATAACTTTTCCACCTCCAAAAACA 3′ (the
underline shows the XhoI site). The PCR reaction was carried
out in the following conditions: denaturation at 95 ◦C for 3 min,
annealing at 55 ◦C for 30 s and elongation at 72 ◦C for 2 min. A total
of 35 cycles were used and the ﬁnal product was then digested
with NdeI (Fermentas, Eugene, OR, USA) and XhoI (Fermentas,
Eugene, OR, USA), dephosphorylated with thermosensitive alka-
line phosphatase (Promega, Madison, WI,  USA). The plasmid pET
23a::Jaburetox was sequenced using a ABI PRISM 3100 automated
sequencer (Applied Biosystems, Foster city, CA).
2.3. Expression and puriﬁcation of recombinant Jaburetox
For isolation and puriﬁcation of Jaburetox, 200 mL of Luria broth
medium containing 100 g/mL ampicillin and 40 g/mL chloram-
phenicol were inoculated with 2 mL  of the overnight culture. The
cells were grown 2 h at 37 ◦C under shaking (OD600 = 0.7) and then
0.5 mM isopropyl -d-1-thiogalactopyranoside (IPTG) was added.
After 3 h, the cells were harvested by centrifugation and suspended
in 10 mL  of lysis buffer (50 mM tris buffer, pH 7.5, 500 mM NaCl,
5 mM imidazole), sonicated, centrifuged (14,000 × g, 30 min) and
10 L of supernatant or 5 L of the pellet sample were analyzed by
SDS-PAGE. The supernatant was  loaded onto a 2 mL  Ni afﬁnity col-
umn  (Ni-NTA, QIAGEN, Hilden, Germany), which was  previously
equilibrated with the equilibration buffer (50 mM  Tris buffer, pH
7.5, 500 mM NaCl, 5 mM imidazole). After 30 min, the column was
washed with 20 mL  of the same buffer, containing 50 mM imida-
zole. The recombinant peptide was eluted with the equilibration
buffer containing 200 mM imidazole and quantiﬁed by the Brad-
ford method [9].  The samples were dialyzed against the 50 mM
phosphate buffer, pH 7.5, 1 mM  EDTA, 5 mM  -mercaptoethanol. A
molecular mass of 10,128.2 Da (ExPASY ProtParam tool) was  con-
sidered for Jaburetox.
2.4. Fungi and yeast
The yeasts Candida parapsilosis (CE002), Candida tropicalis
(CE017), Candida albicans (CE022), Kluyveromyces marxiannus
(CE025), Pichia membranifaciens (CE015), and Saccharomyces cere-
visiae (1038) and ﬁlamentous fungi Colletotrichum lindemuthianum,
Colletotrichum musae,  Colletotrichum gloeoporioides,  Fusarium lat-
erithium, Fusarium solani,  Fusarium oxysporum,  Phomopsis sp., Mucor
sp., Trichoderma viridae,  Pythium oligandrum, Lasiodiplodia theo-
mobrae, Cercospora chevalier and Rhizoctonia solani were kindly
provided by Dr. Valdirene Gomes from the Laboratory of Physi-
ology and Biochemistry of Microorganisms, Center of Bioscience
and Biotechnology, Universidade Estadual do Norte Fluminense,
Campos dos Goytacazes, RJ, Brazil or by Dr. José Tadeu Abreu de
Oliveira from the Department of Biochemistry, Universidade Fed-
eral of Ceará, Fortaleza, Ceará, Brazil. The yeasts were maintained
on Sabouraud agar (1% peptone, 2% glucose and 1.7% agar). The
fungi were maintained on potato agar (PDA) at 4 ◦C.
2.5. Hydrolysis of JBU
JBU was hydrolyzed using different commercial enzyme: trypsin
(EC 3.4.21.4 – Sigma–Aldrich, St. Louis, MO,  USA), chymotrypsin (EC
3.4.21.1 – Sigma–Aldrich, St. Louis, MO,  USA) papain (Merck, Darm-
stadt, Alemanha), pepsin (EC 3.4.23.1 – Sigma, St. Louis, MO,  USA).
Different conditions of hydrolysis were tested, varying pH, incuba-
tion time and enzyme:substrate ratio. The reaction mixture after
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ydrolysis with papain was submitted to ultraﬁltration (4000 × g,
0 min) using 10,000 mw cut-off Amicon cartridges (Millipore,
illerica, MA,  USA) to separate a pass-through ﬁltered fraction con-
aining peptides with Mr  below 10,000 d and a retained fraction,
ith molecules bigger than 10,000 d.
.6. Electrophoresis
The hydrolyzed fractions of JBU were visualized in SDS-Tricine
els [36]. The gels were stained with Colloidal Coomassie.
.7. Analysis by liquid chromatography coupled to mass
pectrometry
The ﬁltered fractions (<10 kDa) after hydrolysis of JBU were
esalted on reverse-phase column (C-18) in a HPLC system (Shi-
adzu). The column was equilibrated with 0.1% TFA (triﬂuoroacetic
cid) and the retained fraction were eluted with a gradient
0–100%) of 99.9% acetonitrile in 0.1% TFA. The eluted peptides were
ooled and lyophilized.
The lyophilized material was suspended in 0.1% formic acid
20 L) and 5 L were subjected to reversed phase chromatogra-
hy (NanoAcquity UltraPerformance LC®-UPLC®, Waters, Milford,
nited States chromatograph) using a Nanoease C18, 75 m ID at
5 ◦C. The column was equilibrated with 0.1% TFA and the peptides
ere eluted in 20 min  gradient, ramping from 0 to 60% acetoni-
rile in 0.1% TFA at 0.6 nL/min constant ﬂow. Eluted peptides were
ubjected to electro spray ionization and analyzed by mass spec-
rometry using a Q-TOF MicroTM spectrometer (Micromass, Waters,
ilford, United States). The voltage applied to the cone for the ion-
zation was 35 V. The three most intense ions in the range of m/z
00–2000 and +2 or +3 charges were selected for fragmentation.
The acquired MS/MS  spectra were processed using Proteinlynx
.2.0 software (Waters, Milford, US) and the generated .mgf ﬁles
ere used to perform database searches using the MASCOT soft-
are (version 2.4.00) (Matrix Science, London, UK) against the NCBI
atabase, restricting the organism to taxonomy “green plants taxid
3,090.” No digestion enzyme was selected. Search parameters
llowed a maximum of one missed cleavage, the carbamidomethy-
ation of cysteine, the possible oxidation of methionine, peptide
olerance of 1.2 Da, and MS/MS  tolerance of 1.2 Da. The signiﬁcance
hreshold was set at p < 0.05, and identiﬁcation required that each
rotein contained at least one peptide with an expected value <0.05.
ata was manually checked for validation.
.8. Homology of urease with plant antifungal proteins
The N-terminal sequences of French bean thaumatin-like pro-
ein, French bean antifungal peroxidase, pinto bean chitinase
phasein A), and pea defensins (PSDs) were taken from [28]. The
lignment of these sequences with the major urease of C. ensiformis
NCBI gi 167228) was performed with the ClustalW program [21],
sing the BLOSUM matrix [19]. The regions of urease which are
imilar to these antifungal proteins were colored manually with
he UCSF Chimera molecular viewer [30].
.9. Antifungal assays
.9.1. Yeasts
The growth assays were performed according to [34]. Yeast cells
f C. tropicalis, C. albicans, C. parapsilosis, S. cerevisiae,  K. marxianus
nd Pichia membranisfaciens were set to multiply in Petri dishes
ontaining Sabouraud agar for 24 or 48 h at 30 ◦C. For the assay, cells
ere removed with the aid of a sowing handle, and added to 10 mL
f Sabouraud culture medium. The test samples were added to cells
1 × 104 per mL)  and growth was evaluated by turbidity readings at 38 (2012) 22–32
a wavelength of 620 nm for a period of 24–48 h. The tests were
performed in 96 well plates, U-bottom and read in a plate reader
(Reader 400 EZ – Biochrom).
To evaluate the reversibility of the antifungal effect and dis-
criminate fungistatic versus fungicidal activity, yeasts (104) were
incubated with 0.36 M JBU or buffer for 24 h at 28 ◦C. Then 10-
fold serial dilutions of the incubated yeasts were made in fresh
Sabouraud medium and plated in Sabouraud agar. The number of
CFU in the 106-fold dilution after 24 h at 28 ◦C was determined
under a microscope.
2.9.2. Filamentous fungi
The fungi were grown for 14 d on PDA at 28 ◦C. To obtain the
spores, 5 mL  of sterile saline were added to each Petri dish and
the colonies gently washed with the tip of a pipette. To evaluate
the hyphal growth, the experiment was made according to [7].  The
spore suspension (1 × 106 spores per mL)  was  inoculated into 96
well plates containing potato dextrose broth (PDB), incubated at
28 ◦C for 16 h, and then the test samples (up to 80 L) were added.
The ﬁnal volume in each well was 200 L. The dialysis buffer (Tris
10 mM pH 6.5) was used as negative control and 0.1% hydrogen
peroxide (H2O2), as a positive control. The plates were incubated
at 28 ◦C and monitored turbidimetrically at 620 nm at 12 h intervals
for 96 h. Alternatively, spores were incubated with the samples for
96 h at 28 ◦C and then germination was  monitored by turbidity.
The tests were performed in triplicate and data presented as
means and standard deviations.
2.9.3. Inhibition of glucose-stimulated acidiﬁcation
Glucose-stimulated acidiﬁcation of the medium results from
extrusion of H+ by the cells, through a H+-ATPase pump in the
plasma membrane [18]. We  evaluated the effects of JBU and pep-
tide(s) on this metabolic activity of S. cerevisiae and C. albicans,
as described in [34]. Yeast cells were grown in Sabouraud agar
medium for 48 h at 30 ◦C and then each plate was  washed with 4 mL
of Sabouraud medium to collect the cells. 8 L of this suspension
was added to 200 mL  of liquid medium and incubated in a shaker
(200 rpm) bath for 16 h at 30 ◦C. The culture was then centrifuged
at 3000 x g for 5 min  at 4 ◦C, the supernatant was  discarded and
20 mL of Milli-Q water was  added to the pelleted cells, which were
suspended and centrifuged again. This process was  repeated three
times. Finally the yeast cells were resuspended in 3 mL of Milli-Q
water.
Aliquots of 107 cells were pre-incubated for 30 min  in 800 L of
protein or peptide samples in 10 mM Tris–HCl, pH 6.0 or the dilution
buffer alone. After pre-incubation, 200 L of 500 mM  glucose was
added to the cells and the medium pH was measured every minute
for 30 min. The amount of H+ released by the cell was  calculated
as the difference between the initial pH and the ﬁnal pH (pH),
considering the equation pH = −log [H+]. The values are averages of
triplicates for each experiment.
2.9.4. Evaluation of cell permeability
The permeabilization of the plasma membrane was assessed by
measuring absorption of SYTOX Green (Invitrogen, Grand Island,
NY, USA) as described by [22]. This dye forms a ﬂuorescent com-
plex with nucleic acids, entering cells when the integrity of their
plasma membrane is compromised. Fungal cells were incubated
with different concentrations of the test samples for 24 h and then
exposed to 0.2 M SYTOX Green for 30 min  at room temperature.
The cells were observed under a microscope (Axioskop 40 – Zeiss)
equipped with a ﬁlter for ﬂuorescein detection (excitation wave-
length 450–490 nm and emission 500 nm).
ptides 38 (2012) 22–32 25
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Fig. 1. Turbidimetric assay of C. tropicalis (panel A) and K. marxiannus (panel B)
cells grown in the presence of different concentrations of JBU. In panel C, P. mem-
branifaciens cells were exposed to native JBU or enzyme-inactivated JBU (inact JBU),
after treatment with p-hydroxy-mercurybenzoate. Cells (104) in Sabouraud mediumM. Postal et al. / Pe
.9.5. Viability and metabolic activity
Fluorescent probes (LIVE/DEAD® Yeast Viability Kit – Invitro-
en, Grand Island, NY, USA) were used to evaluate the viability
nd metabolic activity of yeasts in the presence of test samples.
he yeast cells were grown overnight (16 h) in Sabouraud medium
t 28 ◦C in the presence of either JBU, Jaburetox, dialysis buffer,
r H2O2, and then centrifuged (3000 × g, 10 min) to remove the
edium. Yeasts were suspended in buffer GH (2% d-(+) glucose,
0 mM Na-HEPES, pH 7.2) and then 1 M of FUN-1 and 12.5 M
f calcoﬂuor were added. After more 2 h of incubation at 28 ◦C, the
ells were viewed under a ﬂuorescence microscope (Axioskop 40 –
eiss) equipped with ﬁlters for different wavelengths to allow visu-
lization of ﬂuorescein (green), rhodamine (red) and DAPI (blue).
Alternatively, cells were grown overnight in Sabouraud medium
t 28 ◦C in the absence of test samples, followed by centrifugation to
emove the medium. Yeasts were suspended in buffer GH (2% d-(+)
lucose, 10 mM Na+-HEPES, pH 7.2). 100 L of cell suspension were
ixed with the samples JBU, Jaburetox, dialysis buffer, or H2O2, and
aintained for 2 h at 28 ◦C. Then, 1 M of FUN-1 and 12.5 M of
alcoﬂuor were added and after 2 h at 28 ◦C, the cells were viewed
nder the microscope Axioskop 40 – Zeiss with different ﬁlters, as
escribed above.
.9.6. Statistical analysis
All experiments were run in triplicates. Data were evaluated
sing “one-way” ANOVA followed by the t test of Bonferroni or
unnett. A p < 0.05 was considered statistically signiﬁcant. All ana-
yzes were performed using GraphPad Prism software (version 3.0
or Windows).
. Results
.1. Antifungal activity of JBU against yeast
The activity of JBU was evaluated on six different species of
easts: S. cerevisiae,  C. albicans, C. tropicalis, C. parapsilosis, P. mem-
ranisfaciens and K. marxiannus (Fig. 1).
JBU inhibited the growth of C. tropicalis (Fig. 1A) and of P. mem-
ranisfaciens (Fig. 1C) at the lower dose tested – 0.18 M.  For the
ther yeasts, such as K. marxiannus (Fig. 1B), the cell culture became
ore turbid than the control culture in the presence of JBU up to
.72 M,  suggesting increased growth and lack of effect antifungal
ffect. In contrast, the determination of colony forming units of the
reated yeasts indicated a fungicidal effect upon all species after
4 h of exposure to 0.36 M JBU (Fig. 2).
Enzyme-inactivated JBU (after treatment with the irreversible
ctive site inhibitor p-hydroxy-mercurybenzoate) retained its fun-
itoxic effect on P. membranisfaciens (Fig. 1C), demonstrating that
he antifungal effect of JBU on yeasts is independent of its enzymatic
ctivity. Similarly, we have previously reported that the antifungal
ffect of JBU on ﬁlamentous fungi is not dependent on its enzymatic
ctivity [7].
The ability of the JBU to permeabilize yeast membranes was
tudied with SYTOX Green, a ﬂuorescent label with afﬁnity for
ucleic acids. After incubation of C. tropicalis, P. membranisfaciens,  K.
arxiannus and C. parapsilosis cells with JBU, the dye was  added to
he culture and maintained for 10 min  under shaking at room tem-
erature. All JBU-treated yeasts showed higher ﬂuorescence when
ompared to controls, indicating permeabilization of cells, particu-
arly associated to the formation of pseudohyphae in C. tropicalis
Fig. 3, panels B and C), P. membranisfaciens and K. marxiannus.
ell viability of JBU-treated S. cerevisiae was assessed using the
IVE/DEAD kit (Invitrogen) (Fig. 4). The ﬂuorescent label FUN-1
ndicates viable and metabolically active cells by formation of red
uorescent cylindrical intravacuolar structures (CIVs). Cells werewere incubated with the samples at 30 ◦C for 30 h and the absorbance of the culture
was measured every 6 h. Each point represents the mean ± sd of triplicated points.
incubated with JBU and/or buffer for 2 h at 28 ◦C and then incubated
with the ﬂuorescent probes for 1 h. Control viable cells formed CIVs
(Fig. 4, panels F and H), indicative of active metabolism. On the other
hand, most cells treated with JBU showed a diffuse red/green ﬂu-
orescence indicating lack of metabolic activity (Fig. 4, panel B and
C), although cell walls are preserved (Fig. 4, panel D).
H+-ATPase plasma membrane plays an essential role in the
physiology of fungal cell. Interference in its function by classical
antagonists leads to cell death [18,42]. Here, the effect (direct or
indirect) of JBU on the activity of H+-ATPase was  evaluated by mon-
itoring the glucose-stimulated medium acidiﬁcation by S. cerevisiae
and C. albicans. Cells were pre-incubated in buffer with samples for
30 min, then glucose was added and the pH was measured at 1 min
intervals during 30 min. As shown in Fig. 5, JBU (0.09 M)  inhibited
the acidiﬁcation produced by S. cerevisiae and C. albicans cells by
26 M. Postal et al. / Peptides 38 (2012) 22–32
Fig. 2. Colony forming unit assay of yeasts after 24 h exposition to 0.36 M JBU or buffer. Treated cells were 10-fold serial diluted in fresh Sabouraud medium and 10 L
o . albic
T nted i
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df  each dilution was plated and CFUs were counted after 24 h at 28 ◦C. Panels: (A) C
ypical results are shown. In panel D, colony forming units of the yeasts were cou
00%.  Mean of two experiments.
2% and 95%, respectively.
.2. Homology of urease with antifungal plant proteins –
dentiﬁcation of putative antifungal domains
Alignments of the sequences of ureases revealed the presence
f homologous regions with plant antifungal proteins, such as pea
efensins, phasein A (a chitinase of Phaseolus vulgaris cv. chick),
haumatin and antifungal peroxidases [28] (Supplemental Figs. 1
nd 2).Although the degree of homology of ureases with these antifun-
al proteins is not high, it is noteworthy the fact that most of the
omologous regions are close to each other, located in the alpha
omain of JBU. This observation motivated the search of a putativeans; (B) C. parapsilosis; (C) C. tropicalis; (D) P. membranisfaciens;  (E) K. marxiannus.
n the 106-fold dilution. The number of CFUs of control cells (buffer) was taken as
antifungal domain in JBU.
3.3. Antifungal peptides derived from JBU
In a similar approach previously used to identify the insec-
ticidal domain of C. ensiformis ureases [11,15,40],  we  tested
different proteolytic enzymes (chymotrypsin, pepsin, trypsin and
papain) for their ability to hydrolyze JBU producing antifungal
peptide(s). Among the enzymes tested, papain hydrolyzed JBU
generating fungitoxic fragment(s) after 2 h at 37 ◦C, pH 6.5, at
an 1:10 enzyme/substrate ratio. Besides yeasts, JBU-derived pep-
tides obtained by papain hydrolysis were also active against Mucor
sp. and F. oxysporum,  being more potent than the native protein
(Fig. 6, panels A–D). Tryptic peptides derived from JBU were also
fungitoxic, however trypsin alone or products of its auto hydroly-
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Fig. 3. (Panel A–D) JBU disrupts cell permeability and alters morphology in yeasts. C. tropicalis cells were grown at 28 ◦C for 24 h in the presence of 10 mM Tris pH 7.0
(A),  0.36 M of JBU (B and C) and 0.1% H2O2 (D). SYTOX Green (C). Vacuoles (red arrows) can be seen within pseudohyphae cells in (B) and (D). (Panels E–I) Membrane
permeabilization and change in morphology induced by Jaburetox in yeasts. S. cerevisiae cells were treated with 0.72 M of Jaburetox (E and F) or buffer (H and I) for 24 h
a nd I):
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hnd  the incubated with 0.2 M of SYTOX Green (F and I). (E and H): bright ﬁeld, (F a
aburetox at 28 ◦C for 24 h. Bars correspond to 50 m in the panels A–D; 100 m in t
n  this ﬁgure legend, the reader is referred to the web version of the article.)
is also presented inhibitory activity to some fungi, such as Mucor
p. without inhibiting others, like F. oxysporum.
.4. Analysis of JBU fractions hydrolyzed with papain
JBU samples hydrolyzed by papain were analyzed by SDS-PAGE
n Tricine buffer, showing the disappearance of the JBU (∼100 kDa)
and and the presence of smaller bands, particularly in the 10 kDa
egion (Fig. 6, panel E).
Starting from 1 mg  of JBU, the papain-hydrolyzed fraction con-
aining peptides smaller than 10 kDa was desalted, lyophilized and
nalyzed to liquid chromatography coupled to mass spectrome-
ry. Five peptides, corresponding to 7.1% sequence coverage of JBU
Table 1), were identiﬁed. The sequences of these peptides within
able 1
dentiﬁcation by mass spectrometry of peptides (fraction <10 kDa) obtained by
ydrolyzing JBU with papain.
Condition Coverage sequence Peptide
JBU + PAPAIN <10 kDa 7.14% A-AEDVLNDIGAI-S
G-KGSSSKPDELHEIIK-A
G-KGSSSKPDELHEIIKAG-A
N-IHTDTLNEAGFVE-H
S-IEGNKVIRGGNAIADGPVN-Ea
a The ﬁve last amino acids corresponds to the N-terminal of Jaburetox-2Ec [27]. ﬂuorescence. (Panel G) C. tropicalis cells were grown in the presence of 0.36 M of
els E, F, H and I; 20 m in the panel G. (For interpretation of the references to color
JBU are highlighted in Supplemental Fig. 3. Interestingly, none of
the peptides found matched any of the JBU regions that are homol-
ogous to the plant antifungal proteins shown in Supplemental Fig.
2, or showed homology to any other known antifungal proteins. No
results were found searching these peptides against the Antimicro-
bial Peptide Database (APD2) [43]. Among the peptides identiﬁed,
one (sequence in italics in Table 1) contained a partial sequence of
the entomotoxic peptide Pepcanatox [29], which displays 10 kDa,
similar to the most abundant peptides resulting from JBU hydroly-
sis by papain (Fig. 6, panel E).
Based on these data, a possible antifungal activity of a recom-
binant peptide equivalent to Pepcanatox [10] was  evaluated. The
peptide used in this study, named Jaburetox, contains the same 93
amino acids sequence derived from JBU (shown in Supplemental
Fig. 3, panel B) present in Jaburetox-2Ec [27], and a poly-histidine
tail, but lacking the V5 epitope of viral origin (A. H. S. Martinelli,
PhD thesis).
3.5. Fungitoxic tests with Jaburetox
3.5.1. Filamentous fungi
The fungitoxic activity of Jaburetox was  evaluated on germi-
nation and growth of Penicillium herguei, Mucor sp. and R solani,
as shown in Fig. 6, panels F–H. Mucor sp. showed the highest
susceptibility, its growth at 48 h being inhibited at the lowest tested
28 M. Postal et al. / Peptides 38 (2012) 22–32
Fig. 4. Metabolic activity assay using the ﬂuorescent probes, FUN-1 and CalcoFluorWhite. S. cerevisiae cells were incubated for 2 h at 28 ◦C in the presence of 10 mM Tris pH
7.0  (E–H), or 0.36 M of JBU (A–D). After this period 1 M of FUN-1 and 12.5 M de CalcoFluorWhite were added and maintained for 1 h at 28 ◦C. Cells were then visualized
under  a ﬂuorescence microscope. Panel A is the bright ﬁeld of panels B–D; E is the bright ﬁeld of F, and G is the bright ﬁeld of H. Arrows in F and H point to CIVs (cylindric
intracellular vesicles) which are formed by metabolic active cells, while the diffuse red (panel B) or green (panel C) ﬂuorescence indicate lack of metabolic activity. Blue
ﬂuorescence shows that cell walls are preserved in JBU-treated cells. Bars correspond to 20 m.
M. Postal et al. / Peptides
Fig. 5. Effect of JBU on the glucose-stimulated acidiﬁcation of the medium by S.
cerevisiae and C. albicans. Glucose (100 mM ﬁnal concentration) was added to the
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Tedium 30 min  after cells were exposed to 0.09 M of JBU. The release of H+ was
easured as variation in the pH during 30 min. The bars represent the average ± sd
f  triplicated points.
ose (10 M).  For P. herguei,  doses of 20 and 40 M were inhibitory
fter 72–96 h, affecting also the production of pigments (data not
hown) after hyphae development. In contrast, growth of R. solani
as not affected at the highest dose of Jaburetox, 40 M (Fig. 6,
anel H).
.5.2. Yeasts
Jaburetox at 9 M inhibited the growth of S. cerevisiae,  C. para-
silosis, P. membranisfaciens (Fig. 7). The other tested yeasts, C.
ropicalis, K. marxiannus and C. albicans, were inhibited with 18 M
aburetox (not shown). The antifungal effect of Jaburetox did not
ersist after washing of the treated cells. Additional studies are
eeded to clarify whether the effect is fungistatic, if the peptide
s being hydrolyzed/inactivated, or if the repeated administration
f the peptide could lead to the death of the yeasts.
Permeabilization of the plasma membrane by Jaburetox was
valuated in S. cerevisiae showing that the treated cells are more
ermeable to SYTOX Green than controls (Fig. 3, panels E–F and H–I).
s observed for the JBU, the peptide also induces morphological
hanges in yeasts (Fig. 3, panel G). The induction of pseudohyphae
n C tropicalis and the membrane permeabilization effect in S. cere-
isiae occurred at much lower doses (0.36–0.72 M)  than those
equired to arrest fungi propagation.
. Discussion
In this work we have shown that, besides ﬁlamentous fungi,
BU is also toxic against yeasts. The fungitoxic effects consisted in
nhibition of proliferation, induction of morphological alterations
ith formation of pseudohyphae, changes in transport of H+ and
n energy metabolism, permeabilization of membranes, eventually
eading to cell death.
The antifungal effect of the JBU in yeasts or ﬁlamentous fungi
7] is independent of its catalytic activity, since the enzymatically
nactivated protein, after treatment with the covalent inhibitor p-
ydroxy-mercurybenzoate, maintained its fungitoxic properties.
he generation of antifungal peptides upon proteolysis of urease 38 (2012) 22–32 29
further reinforce this fact. On the other hand, the presence of intact
urease in the supernatant of cultures after 24 h was observed for
most yeasts except for K. marxiannus, which extensively degraded
JBU (data not shown). Thus at this point, it is not clear to us whether
hydrolysis of JBU by the yeasts is required for expression of its
fungicidal effect.
Similar to our observation in ﬁlamentous fungi [7],  the fungi-
cidal activity of JBU in yeasts is also specie-speciﬁc, affecting
differently in terms of effective dose and type of toxic effects the six
yeast species under study. The antifungal activity of ureases from
other sources, such as the soybean urease and H. pylori urease, on
yeasts should be assessed to give a more comprehensive idea of the
antifungal property of ureases in general.
Turbidimetric evaluation of growth curves was  not a reliable
method to detect the antifungal effect of JBU as in some cases
treated cultures became more turbid than controls not exposed to
the toxic protein. The fungicidal activity of JBU was demonstrated
for all the yeast species by counting colony forming units after
incubation with the toxic protein. The lack of correlation between
the increase in turbidity of cell cultures and the antifungal effect
of JBU is probably consequent to morphological alterations of the
treated yeasts, such as increased cell volume, aggregation, forma-
tion of hyphae and pseudohyphae, as shown in Fig. 3, panels B and
C. Ribeiro et al. [33] reported increased turbidity of yeast cultures
in the presence of antifungal proteins homologous to 2S albumins
isolated from seeds of Passiﬂora edulis f. ﬂavicarpa and Capsicum
annuun, and associated this effect to cell agglomeration and forma-
tion of pseudohyphae, as visualized by microscopy.
At least part of the antifungal effect is due to permeabilization
of membrane cells by JBU and derived peptides. Several plant pro-
teins and peptides have the ability to permeabilize membranes,
such as 2S albumins and LTPs [2,32],  and defensins, which interfere
on ion channels [1].  It has been reported that NaD1, a defensin from
Nicotiana alata, permeates the membrane of hyphae and generates
ROS [1].  Similarly, JBU also causes changes of cellular permeabil-
ity in ﬁlamentous fungi accompanied by morphological changes,
visualized in P. herguei by scanning electron microscopy, leading to
plasmolysis and cell death [7].
Other studies have shown that both JBU and Jaburetox are capa-
ble of inserting themselves into lipid membranes making liposomes
leaky and forming ion channels, which can lead to dissipation of
ionic gradients essential for maintaining cell homeostasis [5,31].
Additionally, small angle X-ray scattering (SAXS) studies have
demonstrated the insertion of JBU into the lipid bilayer of liposome
membranes, affecting several physical parameters of the mem-
branes [24].
Exposition to JBU induced the formation of pseudohyphae in C.
tropicalis (Fig. 3, panel B), P membranisfaciens and K. marxiannus (not
shown). In addition, JBU induced alterations in the cytoplasm of
pseudohyphae, with the appearance of vacuoles similar to that seen
in cells treated with H2O2 (Fig. 3, panels B–D – red arrows). Morpho-
genesis in fungi is determined by the expression of different genes
induced by environmental factors. This regulation involves a cyclin
speciﬁc isoform [8]. In the case of alkaline pH, the route of Rim101
(a transcription regulator) is activated through an “upstream” cas-
cade, which starts at membrane receptors (Rim21 and DG16)
[37]. Conditions that affect the cell cycle, such as treatment with
hydroxy-urea, which by depleting ribonucleotides inhibits DNA
replication, or nocodazol, that disrupts microtubules and blocks
mitosis, make the elongated cells unable to divide and may cause
the formation of pseudohyphae or hyphae-like cells, which even-
tually die [8].  Induction of pseudohyphae is described for other
antifungal molecules such as PvD1 [22], 2S albumin [33], and pep-
tides of C. annuunn [34]. These authors suggest that changes in pH
caused by interference of these proteins in the H+ ﬂow could be
responsible for the morphological variations seen in yeasts. The
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Fig. 6. Effect of urease-derived peptides on the growth of ﬁlamentous fungi. (Panels A–D) Growth curves of Mucor sp. (A and B) and F. oxysporum (C and D) in the presence
of  native JBU, hydrolyzed JBU, buffer, trypsin, papain and H2O2 (positive control). Spores were inoculated into PDB medium in a 96 well plate, incubated at 28 ◦C for 16 h,
and  then test samples were added. The plate was incubated at 28 ◦C and absorbance was read every 24 h. Each point represents mean ± sd of triplicated points. (Panel E)
SDS-Tricine PAGE of papain-hydrolyzed JBU. Lanes: (a) = JBU, (b) = JBU hydrolyzed of papain for 2 h, 37 ◦C, pH 6.5, enzyme: substrate ratio 1:10, (c) = papain. MW = molecular
m curves
t  and a
t
a
t
m
“
m
mass  markers. The gel was stained with colloidal Coomassie. (Panels F–H) Growth 
he  recombinant peptide Jaburetox (Jbtx). The 96-well plate was  incubated at 28 ◦C
riplicated points.
pparent increased size of yeast cells treated with JBU may  reﬂect
he formation of pseudohyphae and considering the increased per-
eability of these cells (Fig. 3, panels B and C), it may  indicate aterminal phenotype”.
Here we showed that JBU at 0.09 M affected the carbohydrate
etabolism and inhibited by 92% and 95% the glucose-stimulated
edium acidiﬁcation in S. cerevisiae and C. albicans, respectively. of P. herguei, Mucor sp. and R. solani in the presence of different concentrations of
bsorbance at 620 nm was read every 24 h. Each point represents the mean ± sd of
Inhibition of acidiﬁcation may  be consequent to the membrane
permeabilization, leading to dissipation of the H+ gradient, as
demonstrated for the 2S albumin protein of P. edulis f. ﬂavicarpa
on cells of S. cerevisiae and C. albicans [33]. Mello et al. [40], showed
that PvD1, a defensin from common bean Phaseolus vulgaris,  inhib-
ited acidiﬁcation in S. cerevisiae and Fusarium species, and ascribed
this effect to disturbances caused by the protein on the plasma
M. Postal et al. / Peptides
Fig. 7. Growth of S. cerevisiae, C. parapsilosis, P. membranisfaciens in the presence
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vf  the urease-derived peptide Jaburetox or buffer. The 96 well plate containing the
ells  was  incubated at 28 ◦C and the absorbance at 620 nm was  read after 18 h. Each
oint  represents mean ± sd of points in triplicates.
embrane of fungal cells. The plasma membrane H+-ATPase has
 central role in the physiology of fungi cells and interference
n its function by a number of antagonists can lead to cell
eath [42].
Interference caused by C. ensiformis urease isoforms on the activ-
ty of ATPases has been previously described. CNTX was shown
o uncouple Ca2+ transport by the Ca2+ Mg2+ ATPase in sarcoplas-
ic  reticulum vesicles [4].  Inhibition of a V-type H+ ATPase in the
alpighian tubules of Rhodnius prolixus by the JBU-derived peptide
aburetox-2Ec was reported [39].
JBU-treated S. cerevisiae cells failed to form cylindrical intravac-
olar structures (CIVs) in the presence of the FUN-1 ﬂuorescent
robe (Fig. 4, panels B and C). The formation of CIVs involves the
ransport of FUN-1 ([2-chloro-4-(2,3-dihydro-3-methyl-(benzo-
,3-thiazol-2-yl)-methylidene)-1-iodide-phenylquinolinium])
olecules to the vacuole, an ATP dependent process which isnhibited by sodium azide or when the H+ gradient across the
itochondrial membrane is disrupted [25]. Metabolically active
ells, growing in aerobic or anaerobic conditions, form CIVs,
isualized as red-orange ﬂuorescent cylinders inside the cells. 38 (2012) 22–32 31
Cells treated with JBU showed a diffuse ﬂuorescence in cytosol.
According to the manufacturer, this staining pattern indicates cells
with intact membranes, but metabolically compromised. There
was no change in the staining of Calcoﬂuor White M2R  (which
labels the cell wall) in cells treated with JBU as compared to
controls, indicating the integrity of cell walls after a 2 h treatment
(Fig. 4, panel D). These data show that 2 h exposure of S. cerevisiae
to JBU interferes on the energy metabolism of the cells, with no
visible changes in membrane permeability. As the exposure of C.
tropicalis (Fig. 3, panel C), P. membranisfaciens,  C. parapsilosis and
K. marxiannus cells to JBU for 24 h caused membrane permeabi-
lization, monitoring of JBU-treated S. cerevisiae for a longer time
is required to evaluate if progression of antifungal effect would
eventually lead to cell death.
Hydrolysis of JBU with papain produced fungitoxic peptides
smaller than 10 kDa. Five of these peptides were identiﬁed by mass
spectrometry and none of them match putative antifungal domains
of JBU homologous to other plant antifungal proteins. At this point,
two possibilities should be considered: these peptides are not
associated with antifungal(s) domain(s) of JBU, or the JBU antifun-
gal(s) domain(s) are unlike any other fungitoxic proteins already
known.
One of these peptides contained part of the N-terminal sequence
of the insecticidal peptide Jaburetox-2Ec. Becker-Ritt et al. [7],
reported that Jaburetox-2Ec did not affect the micellar growth
of phytopathogenic fungi, including that P. herguei. In that study,
the peptide was  added to the medium at a lower dose (0.57 М),
after 16 h of culture, at a later stage of germination of the spores.
Here, Jaburetox was  added simultaneously with the spores, leading
to inhibition of germination and growth, and delaying develop-
ment of hyphae. This result indicates that besides its insecticidal
activity, this internal peptide of C. ensiformis urease is also anti-
fungal, affecting the early stages of development of the mycelium,
a step also susceptible to ureases [7].  The variations in method-
ology used in the two  studies may  have inﬂuenced the different
results obtained. The time course and characteristics of the fungi-
toxic effects indicated similar antifungal mechanisms for JBU and
Jaburetox, probably based on the ability of these polypeptides to
insert in membranes, altering the cell permeability.
The antifungal activity of Jaburetox on yeasts required 2–3 times
larger doses as compared to the holoprotein JBU, indicating the
possibility that other protein domains are involved in this activity.
Becker-Ritt et al. reported the antifungal activity of the two-chained
urease from H. pylori. Bacterial ureases lack part of the amino
acid sequence (the N-terminal half) of Jaburetox, which in single-
chained plant ureases corresponds to a linker region between
bacterial subunits. This fact strongly suggests that other antifun-
gal domain(s) besides the region corresponding to the entomotoxic
domain are present in ureases.
The discovery of new antifungal agents becomes increasingly
important due to the increasing number of cases of invasive
mycoses. JBU, a protein with multiple functions and peptides
derivatives may  represent a new alternative to control clinically
important and phytopathogenic fungi, especially considering their
potent activity in the 10−6–10−7 M range. Structure versus activ-
ity studies deepening the identiﬁcation of protein domains and the
construction of biologically active recombinant peptides contain-
ing these domains are some of steps toward unraveling the real
fungicidal/fungistatic potential of ureases and derived peptides.
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